Plant hormones play a crucial role in controlling plant growth and development. These groups of naturally occurring substances trigger physiological processes at very low concentrations, which require sensitive techniques for their quantitation. This study reports on the development of a newly synthesized polymer sorbent for the analysis of indole-3-acetic acid (IAA), which is the most important auxin in plants, from complex raw matrices, such as plant extracts. IAA was determined by high-performance liquid chromatography (HPLC) coupled with fluorescence detection (FD). The polymer developed was able to bind about 94% of IAA with a reproducible manner. The release of IAA in methanol was more than 70% for both of them. Non-specific hydrophobic interactions are, likely, the dominant driving force of the binding between IAA and the polymer. This methodology was applied for the determination of IAA in raw lemon leaves. The detection and quantification limits for IAA in real samples were 0.50 ± 0.08 ng/g and 2.64 ± 0.09 ng/g (n = 3, α = 0.05), respectively. As expected, the IAA concentration in uninfected lemon sample was significantly lower respect to the concentration found in infected sample.
Introduction
Plant hormones, a group of naturally occurring substances, are mediators of endogenous processes to regulate plant growth, development and the ability to properly respond to biotic and abiotic stresses [1] [2] [3] . The main classes of phytohormones are auxins, abscisic acid, cytokinins, ethylene and gibberellins. In general, they differentially contribute to numerous important plant biological processes, such as cell division, enlargement and differentiation, organ formation, seed dormancy and germination, organ senescence and abscission [4] [5] [6] . As phytohormones are synthesized in plants at trace and ultra-trace levels (0.1-50 ng/g fresh weight) [7] , it is necessary to develop simple and effective methods to isolate, purify and detect them in plant tissues. Moreover, as the optimum endogenous level of each phytohormone must be tightly controlled, these molecules are mainly present in their conjugated forms, which are not active. Thus, from a biological point of view, only the free form present in low percentages is of interest [8] . Moreover, the fine-tuned balance of the different phytohormones and their conjugated forms is essential for plants to increase their resistance to phytopathogens. As far as the plant pathogenic bacteria are concerned, most of them are also able to synthesize and conjugate IAA, with the aim to hijack the host auxin metabolism to increase plant susceptibility [3] .
Together with molecular biology approaches, several analytical methods have been developed for the determination of phytohormones in plants, mainly based on high performance liquid chromatography (HPLC) coupled with mass spectrometry (MS or MS/MS) [9] . In MS analysis the use of isotope labeled compounds (expensive and not always available) is mandatory to compensate for ionization suppression caused by co-eluting components in the plant matrix [10] .
Due to the low concentration of phytohormones in plant tissue and the presence of interfering substance, sample pretreatment represents the most critical and time-consuming step, requiring extensive purification prior to final quantitation. Among the recently developed pretreatment methods, dispersive liquid-liquid microextraction (DLLME) [11] and solid-phase microextraction (SPME) [12] are characterized by high enrichment ability and low organic solvent consumption, but they suffer from low recovery and reproducibility. Hollow fiber-based liquid-liquid microextraction [13] requires little organic solvent, and offers high enrichment factor, but it is limited to the extraction of ionisable and chargeable compounds from aqueous samples. Traditional liquid-liquid extraction, one of the simplest methods for sample pretreatment, suffers from the loss of compound of interest. Solid-phase extraction (SPE) is recognized as the most common pre-treatment technique for sample clean-up and preconcentration. The commercial sorbents are usually silica and bonded silica such as C8 and C18, which suffer from the non-specific selectivity in isolating plant hormones from plants (e.g. C18 cartridges are capable of retaining lipids and plant pigments in the crude extract) [9] .
In the last ten years molecularly imprinted solid-phase extraction, which combines the advantages of both molecular recognition and traditional SPE methods, has attracted more interest [14] . In an effort to develop selective sorbents, which will speed up isolation of auxins from plant extracts, several molecular imprinted polymers (MIPs) specific for IAA were synthesized and characterized [15] [16] [17] . The synthesis of MIPs based on non-covalent interaction (hydrogen bonding, and hydrophobic interactions) has been widely used due to its simplicity and flexibility. However, the interaction between monomers and template molecule is relatively weak, especially for small template molecule, which gives low sample load capacity. Another limitation of MIPs is that they are synthesized in the presence of large quantities of template. Thus, despite their extensive washing, which is preliminary to their use, traces of template can be released during sample pretreatment, which may interfere with the analysis. MIP use may be also limited by their low yield of specific binding sites [14] . In particular, non-specific interactions are common with MIPs synthesized in a non-covalent imprinted mode [18] .
In this work we synthesized a new polymer for the pre-treatment of plant extracts for the identification and quantitation of IAA, which is the most important auxin in plants, from complex raw matrices, such as plant extracts. The idea was to use a typical synthesis procedure commonly employed for MIPs in the absence of the template. The synthetized polymer is constituted by vinylpyridine cross-linked with trimethylolpropane trimethacrylate. This polymer is quite different from the traditional, commercially available SPE sorbent for reversed phase pre-treatment, which are based on alkyl-bonded silica or styrene-divinylbenzene.
In this work, we determined IAA in raw lemon leaves. After its pre-treatment, IAA was separated and quantified by high-performance liquid chromatography (HPLC) with fluorescence detection (FD). Molecular fluorescence is an excellent alternative to high-cost mass spectrometric techniques, due to its sensitivity and selectivity.
Experimental

Chemicals and reagents
Indole-3-acetic acid (IAA), salicylic acid (SA), abscisic acid (ABA), 1-naphthalenacetic acid (NAA), catechin, and indole 3-butyrric acid (IBA) were purchased from Sigma-Aldrich (Milan, Italy). Stock solutions of IAA, SA, ABA, NAA, catechin and IBA were prepared in methanol (Chromasolv for HPLC ≥ 99.9%). Each solution preparation was accomplished using adjustable pipettes and, for better precision, all aliquots were weighted. Working solutions were prepared from stock solution by dilution in 10% or 50% methanol.
Ultra-pure water was obtained using a Milli-Q system (Purerlab Pro + Purelab Classic, Millipore, USA), and it was used in all experiments.
For the synthesis, 4-vinylpyridine (4-VP, 95%; contains 100 μg/mL hydroquinone as inhibitor), 2,2′-azobis(2-methylpropionitrile) (AIBN, 98%) and trimethylolpropanetrimethacrylate (TRIM, 98%) were purchased from Sigma-Aldrich (Milan, Italy). Acetonitrile (LC-MS Chromasolv N99.9%) and formic acid (for mass spectrometry, 98%) were purchased from Sigma-Aldrich-Fluka. C18 Sep-Pak (30 mg, C18 stationary phase) and HLB Oasis (30 mg, N-vinylpyrrolidone and divinylbenzene stationary phase) cartridges were purchased from Water Corporation.
Instrumentation and chromatographic conditions
An HPLC gradient pump (P4000, ThermoFinnigan) was coupled with a vacuum membrane degasser (SCM1000, ThermoFinnigan), an AS3000 autosampler (ThermoFinnigan), a UV6000 diode array detector and a FL3000 fluorescence detector (ThermoFinnigan).
Separations of phytohormones were carried out using a reversedphase HPLC column ZORBAX Eclipse Plus C18 (4.6 mm × 100.0 mm, 3.5 μm, Agilent Technologies), equipped with a guard column (4.6 mm × 12.5 mm, 5.0 μm, Agilent). Column temperature was set at 40°C and injection volume was 50 μL.
The determination of IAA in standard solutions was performed using an isocratic elution in 40% methanol-60% water (0.1% formic acid). . The detection of ABA and catechin was performed in absorbance at 273 nm; the detection of SA was performed in absorbance at 243 nm; the detection of IAA, IBA and NAA was performed in fluorescence using λ ex = 280 nm and λ em = 340 nm.
ChromQuest™ 4.2 Chromatography Data System was used to carry out HPLC-DAD/FD control, data acquisition and data analysis. Excel 2007 by Microsoft Corporation was used for the statistical treatment of the chromatographic data.
Polymer synthetic procedure
The following procedure has been selected on the basis of the synthesis of MIPs reported in literature [19] .
In a Schlenk tube one hundred ninety microliters of 4-VP (1.77 mmol, as functional monomer), 3.2 mL of TRIM (8.86 mmol, as crosslinker) and 0.041 g AIBN (0.25 mmol, as radical initiator) were dissolved in 10 mL methanol previously degassed, under nitrogen atmosphere. The mixture was purged with nitrogen gas to remove the oxygen that could inhibit the polymerization. The glass tube was sealed and the thermal polymerization was performed by heating at 60°C for 20 h. A yellow powder was obtained (the resulting polymer swollen by solvent) that was ground in a mortar and dried under vacuum, till constant weight. Subsequently, the polymer was washed 6 times with methanol/acetic acid (9/1 v/v) in order to remove the unreacted monomers and the by-products from the synthesis. The final yield was 98.6%.
This procedure was performed twice, obtaining two batches of the polymer in order to test its reproducibility.
Bacterial strains, growth conditions, and plant inoculation trials
The strain BAC3 of Pseudomonas syringae pv. syringae (Pss), virulent on lemon plants, was used in this study to carry out inoculation trials. Bacteria were grown overnight in vitro on King's B medium (KB) [20] , amended with Nitrofurantoine (50 mg/L) at CEBAS (Murcia, Spain). Then, the bacterial suspensions were washed twice in sterile physiological solution (SSF, 0.85 g NaCl/100 mL H 2 O), and their concentration adjusted to 10 9 UFC/mL.
Ten lemon (Citrus × limon) plants growth in field at CEBAS were inoculated with 10 μL of a concentrated Pss suspension (10 9 UFC/mL).
After two months three leaves from each plant were selected, washed with ultrapure water and dried. Then, 10 leaves were selected randomly, freezed at − 20°C for 24 h, lyophilized and stored at − 20°C until used for analytical investigations.
Sample preparation
We report here the final analytical procedure developed in this work and applied for the pre-treatment of plant extracts for the identification and quantitation of IAA. One milliliter 80% methanol was added to 25 mg aliquots of the lyophilized lemon leave samples. A series of spiked samples with IAA was also analyzed for the internal calibration.
The extraction was made by magnetic stirring at 0°C for 30 min. After centrifugation (8600g, 4°C for 30 min), the supernatant was transferred to a new vial and the methanol was partially removed under nitrogen flow. A suitable amount of water was added to reach approximately 10% methanol. This solution was added to 30 mg of the polymer previously conditioned. The resulting suspension was vortexed for 5 min at room temperature, centrifuged (8600g, 20°C for 10 min) and the supernatant was wasted. The loaded polymer was further washed by adding 1 mL 10% methanol in order to remove eventual interfering compounds. The resulting suspension was vortex for 5 min at room temperature, centrifuged (8600g, 20°C for 10 min) and the supernatant was wasted. Thus, the polymer was treated with 1 mL of 100% methanol for the release of IAA and other eventual extracted compounds. The resulting suspension was vortexed for 5 min at room temperature and centrifuged (8600g, 20°C for 10 min). The supernatant was filtered using a Uniprep syringeless filtration device (0.25 μm, Agilent Technologies) and the methanol was removed by 50% under nitrogen flow. A suitable amount of water was added to restore the initial volume. The resulting solutions were analyzed by HPLC-DAD/FD.
Results and discussion
The aim of our work was the development of an easy and straightforward strategy for the analysis of 3-IAA. This molecule is indeed of great interest for phytopathologist, as it is strongly correlated with the health status of the plant. Thus, it is advisable a method for the quantification of 3-IAA in plant sample which is fast and simple.
The new synthetized polymer was first tested for the binding and release of IAA standard solutions. For the binding test, 10% methanol-90% water was selected as solvent. IAA has, indeed, a poor solubility in water (1.5 g/L at 20°C) [21] . Thus, this solvent composition should, in principle, favor the interaction of IAA with the polymer. The polymer was always conditioned before its use with the same solvent employed for the binding test. Methanol was selected as releasing solvent because of the high solubility of IAA in methanol.
The determination of IAA in the solution after the treatment with the polymer was performed by HPLC-DAD/FD using calibration curves in 50% methanol-50% water (5.00-40.00 ng/mL tested linear range; slope 3.04 ± 0.02·10 4 ; R 2 = 1.00).
The amount of IAA in the solution analyzed was calculated on the basis of the HPLC peak area (IAA t R = 6.35 min) and of the calibration curve. The percentage of IAA bound to the polymer was calculated with respect to the IAA analytical concentration employed for the test (20 ng/mL). Table 1 summarizes the percentage values relative to the amount of IAA bound and IAA released, calculated with respect to the amount of IAA bound.
The polymer tied a significantly high percentage of IAA (about 95%) and about 70% of IAA bound was released by methanol. No significant differences were observed between the two batches, showing that the polymer characteristics are reproducible.
It is likely to hypothesize that the interaction of IAA with polymers is due to hydrophobic interactions and, in particular, to the π-π stacking between IAA and the functional monomer (4-VP). In order to show that in this case the hydrophobic interactions are the dominant driving force of the binding, considering that acetonitrile does not favor the π-π stacking [22] , we performed a binding test in acetonitrile, following the same procedure described above, with the release in methanol. We found that for both polymers only 10% IAA was retained. Thus, we definitely concluded that the interactions between IAA and the polymer are due to the hydrophobic/π-π interactions. Fig. 1 shows representative fluorescence chromatograms of the solution after the binding test of 20 ng/mL standard solution of IAA in 10% methanol on the polymer batch 2 (as example), compared with the chromatogram of the 20 ng/mL IAA standard solution (as reference) and the methanol solution used for IAA release.
The selectivity of the synthesized polymer with respect to other common phytohormones was evaluated treating 30 mg of conditioned polymer with 1 mL of standard solutions containing 1 μg/mL of SA, ABA, catechin (detected by DAD) and 20 ng/mL of IAA, IBA, NAA (detected by FD) dissolved in 10% methanol-90%water using the same procedure previously described. Table 2 shows the percentage values relative to the amount of analytes bound and released.
The results of Table 2 show that the polymer is able to bind also the other phytohormones investigated with binding percentage N70%. We can hypothesize that phytohormones, as well as IAA, are bound through hydrophobic interactions with the polymeric matrix. ABA is less retained (48%) likely because it does not have an aromatic structure and, therefore, it cannot bind to the polymer through π-π stacking interactions. Also for the phytohormones tested the release in methanol was high (N 70%).
On the basis of these results we can conclude that he polymer is suitable for the pre-treatment of plant extracts for the identification and quantitation of IAA and also for the identification of the other tested phytohormones (SA, ABA, catechin, IBA, NAA).
In the following section we present the application of the polymer for the pre-treatment of plant extracts for the identification and determination of IAA and eventual other phytohormones in real samples. The application of commercial SPE HLB and C18 cartridges was also performed in real samples as comparison.
Application of the polymer to the pre-treatment of IAA in plant extracts
Extracts from lemon leaves infected or not with Pseudomonas were employed for the determination of IAA using the polymer.
These samples have been provided by CEBAS (Murcia, Spain) in the framework of the Life+ ENV/IT/336-After Cu project, which aims to replace copper treatments in plants with anti-infective environmental friendly molecules against plant pathogenic bacteria.
It is known that IAA is an essential phytohormone, with profound effects on plant growth and development as well as stress responses. Also the production of IAA by plant-associated bacteria is an important aspect of research on IAA metabolism, although the role of IAA production by bacteria has not completely unveiled yet [23] . Fig. 2A shows a representative fluorescence chromatogram at 340 nm of the extracts purified on the polymer following the procedure described in the experimental section. The extracts were from bacteriainfected lemon leaves not spiked (black line) and spiked (red line) with 20 ng/mL IAA. Fig. 2A shows the increase of the peak at 5.84 min of IAA in the spiked sample. No other peaks increased in the chromatogram. Despite the complexity of the matrix, this result shows that the treatment of the sample extract with the polymer allowed the identification and quantitation of IAA. As comparison, Fig. 2B shows the chromatogram of the same sample extracted three times with ethyl acetate, evaporated to dryness and redissolved in methanol. However, with this treatment was not possible to separate 3-IAA from the interfering peaks. Table 1 Percentage values relative to the amount of IAA bound to the polymer and the amount released. The values are expressed as average value ± confidence interval (n = 3, α = 0.05).
Polymer
IAA bound IAA released Batch 1 95 ± 4 70 ± 3 Batch 2 93 ± 3 72 ± 2
The external calibration curve on the polymer was performed by loading standard solutions at different concentrations of IAA prepared in 10% methanol to different aliquots of the conditioned polymer (30 mg). The internal calibration curve was performed spiking 25 mg aliquots of lyophilized plant samples with IAA standard solutions at different concentrations and following the procedure previously described (see paragraph 2.6). Table 3 summarizes the fitting parameters of the external and internal calibration curves.
The matrix effect was evaluated by the ratio of the slopes of the internal and external calibration curves. The recovery was 49 ± 5% for the bacterium infected samples and 58 ± 5% for the not infected samples. These values were not significantly different.
The limit of detection and quantification, determined as the analyte concentration corresponding to the smallest signal that is distinguishable from the background noise plus three and ten times its standard deviation, were 0.50 ± 0.08 ng/g and 2.64 ± 0.09 ng/g (n = 3, α = 0.05), respectively.
Using standard addition method, we found that the IAA concentration was 7.73 ± 0.08 ng/g in uninfected lemon sample, while these values raised to 40.12 ± 0.09 ng/g in Pss infected lemon sample (n = 3, α = 0.05). The higher concentration of IAA found in bacterial infected leaves was coherent with the expected increase in plant metabolism for IAA due to the bacterial infection, and to the contribution of IAA produced by Pss [23] . Table 4 summarizes the most recent method developed for IAA quantitation in plant tissue by liquid chromatography coupled with UV or molecular fluorescence detection, compared with our method.
The LOD found using our method is comparable with that found in [12] on plant xylem fluids, a less complex matrix with respect to plant extracts.
Use of commercial C18 and HLB cartridges for the determination of IAA in plant extracts
The infected lemon plant extracts employed for the application of the polymer to IAA analysis were also treated, as comparison, with commercial C18 and HLB cartridges for the identification of IAA and its determination by HPLC-DAD/FD. Fig. 3 shows representative fluorescence chromatograms at 340 nm (λ ex = 280 nm) of lemon extracts treated with (A) C18 and (B) HLB cartridges, spiked or not with 10 ng/mL IAA.
The resulting chromatograms did not evidence significant difference among spiked or not spiked samples. Moreover, other compounds were extracted and coeluted with IAA, likely due to the non-specific adsorption of commercial polymeric sorbents. Moreover, we had to diluted these samples 10 times before their injection in the HPLC system in order to avoid the saturation of the fluorimetric detector.
Thus, our polymer was more effective than commercial C18 and HLB cartridges for the identification and quantitation of IAA in raw samples.
In perspective, the polymeric matrix developed in this work could be applied as a reversed phase with characteristics intermediate between those of silica with alkyl chains (e.g. C18) and those completely aromatic such as styrene/divinylbenzene (e.g. HLB).
Conclusions
In this work we synthesized a new polymeric sorbent for the pretreatment of plant extracts for the identification and quantitation of IAA, based on vinylpyridine cross-linked with trimethylolpropane trimethacrylate. In this specific case we exploit the aspecific interactions of the polymeric matrix of MIPs. It is well known, indeed, that aspecific binding interactions are very common in MIPs synthesized in a non- covalent imprinted mode [18] . For this reason we followed a typical non-covalent synthesis of MIPs. The polymer developed was able to bind 95 ± 4% (first batch) and 93 ± 3% (second batch), demonstrating a reproducibility of its performance in the binding of IAA. The release of IAA in methanol was more than 70% for both of them. Non-specific hydrophobic interactions are, likely, the dominant driving force of the binding between IAA and the polymer.
For comparison other classes of phytohormones (catechin, IBA, NAA, SA and ABA) were used, to evaluate the polymer selectivity, finding that it can bind more than 70% of catechin, IBA, NAA, SA and ABA.
The polymer was applied to the pre-treatment of plant extracts for the identification and quantitation of IAA, and compared to traditional SPE cartridges. The LOD in real samples was 0.50 ± 0.08 ng/g; the recovery was about 50%. The IAA concentration in uninfected lemon sample was 7.73 ± 0.08 ng/g, and 40.12 ± 0.09 ng/g in Pss infected lemon sample (n = 3, α = 0.05). As expected, the manipulation of IAA homeostasis of plants is, indeed, among the main strategies adopted by phytopathogenic bacteria such as Pss to increase the host susceptibility. Conversely, resistant plants are less prone to an increase of IAA following bacterial infections [3] , as well as occurring in copper-treated plants for plant protection. In the literature many methods, characterized by complex sample treatment procedures, are reported. Thus, it is advisable a method for the rapid identification and quantification of 3-IAA in plant sample. The analytical method here proposed for the IAA determination directly on plant extracts represents a valuable, highly specific and cost-effective tool to be applied in the future to monitor the effectiveness of phytoiatric treatments alternative to copper against bacterial plant pathogens. 
